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ABSTRACT 
Two 7 5 - m i l l i m e t e r  bore  bear ings  hav ing  b a l l s  w i t h  a 50-percent we igh t  
r e d u c t i o n  were operated a t  500- lb.  (2200N) t h r u s t  load a t  speeds t o  28,000 
rpm ( 2 . 1 - m i l l i o n  DN). 
( d r i l l i n g )  a c o n c e n t r i c  h o l e  through each b a l l .  
t i m e  was accumulated on one bear ing ,w i th  65-hours a t  DN values above 1.5 
m i l l i o n .  Bear ing  to rque  and o u t e r  race  temperature da ta  were ob ta ined and 
compared w i t h  bear ings  hav ing  e i t h e r  spher i ca l l y  ho l l ow  o r  convent iona l  s o l i d  
b a l l s .  Both a i r - o i l  m i s t  and o i l  j e t  l u b r i c a t i o n  were used. 
The we igh t  r e d u c t i o n  was achieved by machining 
More than 100-hours running 
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I NTRODUCTI ON 
A i r c r a f t  gas t u r b i n e  eng ne r o t o r  bear ings c u r r e n t l y  operate a t  DN 
va lues (p roduc t  o f  b e a r i n g  bo e d iameter  i n  m i l l i m e t e r s  and s h a f t  speed 
i n  rpn) t o  approx imate ly  2 m i  l i o n .  I t  i s  es t imated  t h a t  engine designs 
o f  the n e x t  decade w i l l  requi  e bear ings t o  operate a t  DN va lues  o f  3 t o  
4 m i l l i o n .  I n  t h i s  DN range, the r e d u c t i o n  i n  b e a r i n g  f a t i g u e  l i f e  due 
t o  the  h i g h  c e n t r i f u g a l  f o r c e s  developed between t h e  r o l l i n g  elements and 
o u t e r  race becomes p r o h i b i t i v e .  
To s o l v e  the  problem o f  lower f a t i g u e  l i f e  i n  high-speed b a l l  bear ings,  
S p h e r i c a l l y  h o l l o w  b a l  Is ,  which a r e  f a b r i c a t e d  by we ld ing  
v a r i o u s  methods o f  reduc ing  b a l l  mass t o  reduce the c e n t r i f u g a l  f o r c e  a r e  
be ing  considered. 
two hemis.pherica1 s h e l l s  together ,  o f f e r  a p o s s i b l e  s o l u t i o n .  Exper ience 
t o  d a t e  w i t h  some o f  these has, however, been poor. F lexure  f a i l u r e s  which 
o r i g i n a t e d  a t  t h e  edges o f  the  weld on the i n s i d e  d iameter  have caused e a r l y  
s p a l l i n g  and even complete f r a c t u r e  o f  the b a l l .  
b a l l s ,  t h e r e  may always be problems w i t h  s t r e s s  r a i s e r s  on the  i n s i d e  diameter 
because they cannot be inspected read i  l y .  
Wi th  s p h e r i c a l l y  h o l l o w  
Another method o f  reduc ing  b a l l  mass i s  t o  machine a c o n c e n t r i c  h o l e  
through the b a l l .  The amount o f  mass r e d u c t i o n  equal  t o  t h a t  o f  a t h i n -  
w a l l  h o l l o w  b a l l  can be achieved w i t h  severa l  advantages. Two o f  these 
a r e  the c o n c e n t r i c i t y  o f  the h o l e  a x i s  w i t h  the  b a l l  center  (and thus the 
balance) can be main ta ined w i t h  h i g h  accuracy and the i n s i d e  s u r f a c e  of  the 
h o l e  and the  o u t e r  s u r f a c e  o f  the b a l l  can be f i n i s h e d  w i t h o u t  s u r f a c e  
i r r e g u l a r , i t i e s  or  f laws such as may be present  i n  the weld area o f  a 
s p h e r i c a l l y  h o l l o w  b a l l .  
The o b j e c t i v e s o f  t h i s  i n v e s t i g a t i o n  were: ( 1 )  t o  demonstrate the  
f e a s i b i l i t y  o f  the  l 'hol lowed' '  b a l l  concept by o p e r a t i n g  a b e a r i n g  a t  h i g h  
r o t a t i v e  speeds, and (2 )  t o  compare the performance o f  bear ings hav ing 
I 'hol lowed" b a l l s  w i t h  those hav ing  e i t h e r  s p h e r i c a l l y  ho l low b a l l s  o r  
convent iona l  s o l i d  b a l l s  over a range o f  s h a f t  speeds. 
Tests  were conducted w i t h  75 mm bore, angu lar  c o n t a c t  
o p e r a t i n g  w i t h  a 500 l b .  t h r u s t  load a t  speeds f rom 10,000 
(0.75 t o  2.1 m i l l i o n  DN) u s i n g  e i t h e r  a i r - o i l  m i s t  o r  o i l  
Performance da ta  f rom bear ings w i t h  s p h e r i c a l l y  ho l low b a l  
s o l i d  b a l l s  were compared w i t h  t h a t  obta ined w i t h  the  "hol  
over a range o f  o p e r a t i n g  c o n d i t i o n s .  
b a l l  bear ings 
t o  28,000 rpm 
e t  1 ubr  i c a t  i on. 
s o r  convent ional  
owed" ba 1 1 bear i ngs 
APPARATUS 
Bear inq  Tes t  R i q  
A cuftaway view o f  the  b e a r i n g  t e s t  apparatus i s  shown i n  f i g u r e  1. A 
var iab le-hpeed d i r e c t  c u r r e n t  motor d r i v e s  the  t e s t  s h a f t  through a 14 t o  1 
gear speef increaser .  
p r e s s u r i z e d  gas t h r u s t  bear ing,  which a l s o  p e r m i t t e d  measurement of the  
bear ing  tbrque. 
t ransducer  connected t o  the p e r i p h e r y  of  the t e s t  b e a r i n g  h o u s i n g .  
The t e s t  b e a r i n g  was t h r u s t  loaded through an e x t e r n a l l y  
Bear ing  torque was measured by an unbonded s t r a i n - g a g e  f o r c e  
i n g  o u t e r  r a c e  t e m p e r a t u r e  was m e a s u r e d  w i  t h  t w o  i r o n - c o n s t a n t a n  
B e a r -  
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t h e r m o c o u p l e s  l o c a t e d a s  s h p w n  i n  f i g u r e  1 .  L u b r i c a n t  
was s u p p l i e d  t o  t h e  t e s t  b e a r i n g  i n  the  fo rm o f  a i r - o i l  m i s t  o r  o i l  j e t  
through the  l u b r i c a n t  d e l i v e r y  tube. The l u b r i c a n t  was a s u p e r - r e f i n e d  
napthenic  minera l  o i l  w i t h  a v i s c o s i t y  o f  75 c e n t i s t o k e s  (75 x 10-6q2/sec4 
a t  100" F (311" K) .  O i l  f l ows ranged f rom 0.01 t o  0.07 l b h i n  (0.8 x 10- 
t o  5.3 x 10-4 Kg sec) w i t h  t h e  a i r - o i l  m i s t  system and was cons tan t  a t  1.0 
lb /min (76 x 10-d Kg/sec) w i t h  the  o i l  j e t  system. 
A photograph o f  t h e  t e s t  b e a r i n g  used i n  the s tudy  i s  shown i n  f i g u r e  
2. I t  i s  a 75-mm bore, angu lar  contact ,  b a l l  b e a r i n g  w i t h  e leven 0.6875- 
inch  (17.5-mm) d iameter  b a l l s .  The cage i s  o f  two-piece c o n s t r u c t i o n  and 
i s  p i l o t e d  on the  ou ter - race  land. One shoulder  o f  the  inner  race i s  r e l i e v e d  
t o  make t h e  b e a r i n g  separable.  Bear ing  i n t e r n a l  c learance measured approx- 
i m a t e l y  0.0020-inches (0.05-mm). 
F i g u r e  3 i s  a s e c t i o n  v iew o f  the  t e s t  bear ingshowingdeta i l s  o f  the 
hol lowed b a l l  and the  b a l l  r e t a i n i n g  ax le .  Each 0.6875- inch (17.5-mm) 
d iameter  b a l l  has a 0.42- inch (10.7-mm) d iameter  c o n c e n t r i c  h o l e  machined 
through it. This  s i z e  h o l e  r e s u l t s  i n  a we igh t  r e d u c t i o n  o f  50-percent 
f rom t h a t  o f  a s o l i d  b a l l .  Each b a l l  i s  r e t a i n e d  i n  t h e  cage by a 0.125- 
inch  (3.1-mm) d iameter  a x l e  which prevents  the  edge o f  the c o n c e n t r i c  h o l e  
f rom rubb ing  on the  race groove. The a x l e  i s  loba ted  a t  approx imate ly  the  
center  o f  the  b a l l  pocket  a t  the p i t c h  d iameter  o f  the  bear ing.  
RESULTS AND D I S C U S S I O N  
Bear i nq Tests  
Two 7 5 - m i  1 1  imeter  bore bear ings w i t h  h o l  lowed b a l  Is were operated a t  
500- lb (2200N) t h r u s t  load over a range o f  s h a f t  speeds from 10,000 t o  
28,000 rpm (0.75 t o  2 . 1 - m i l l i o n  DN), u s i n g  e i t h e r  a i r - o i l  m i s t  o r  o i l  j e t  
l u b r i c a t i o n .  Outer race  temperature and to rque d a t a  f o r  these bear ings were 
compared w i t h  s i m i l a r  da ta  f o r  bear ings  hav ing  convent iona l  s o l i d  b a l l s  and 
f o r  bear ings hav ing  s p h e r i c a l l y  h o l l o w  b a l l s  w i t h  56-percent w e i g h t  reduc t ion .  
F i g u r e  4 (a) shows b e a r i n g  ou ter - race  temperatures as a f u n c t i o n  o f  
s h a f t  speed f o r  the  t h r e e  b a l l  des ign  c o n f i g u r a t i o n s  u s i n g  a i r - o i l  m i s t  
l u b r i c a t i o n .  The temperatures o f  the  bear ings w i t h  hol lowed b a l l s ,  3SRH 
and 4SRH, compare f a v o r a b l y  w i t h  t h e  s o l i d  o r  s p h e r i c a l l y  ho l low b a l l  
bear ings over the  speed range. 
W i t h  o i l  j e t  l u b r i c a t i o n  ( f i g u r e  4 (b), the ou ter - race  temperature o f  
the  two hol lowed b a l l  bear ings was s l i g h t l y  lower than t h a t  o f  the s o l i d  
b a l l  b e a r i n g  f o r  the  same range o f  speeds. These lower ou ter - race  temperatures 
r e f l e c t  lower s u r f a c e  temperatures o f  the hol lowed b a l l s  and were probably  
due t o  two e f f e c t s :  ( 1 )  hav ing  lower b a l l  mass t o  cool  and (2) a d d i t i o n a l  
c o o l i n g  s u r f a c e  a v a i l a b l e  w i t h  the  h o l e  through the  i n t e r i o r  o f  the  b a l l .  
Comparison o f  f i g u r e s  4 (a) and 4 (b) shows t h a t  the  bear ing  temperatures 
w i t h  o i l - j e t  l u b r i c q t i o n  averaged about  70°F (29QK) c o o l e r  than w i t h  a i r -  
o i  1-mist  l u b r i c a t i o n  over the  same speed range. 
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These lower temperatures r e s u l t e d  f rom a 1 4 - f o l d  
b e t t e r  c o o l i n g  w i t h  o i l  j e t  l u b r i c a t i o n .  
increase i n  o i  
Bear ing  torque as a f u n c t i o n  o f  s h a f t  speed i s  compared i n  
f o r  the t h r e e  b a l l  c o n f i g u r a t i o n s .  Using a i r - o i  m i s t  l u b r i c a t  
5 (a), t h e  b e a r i n g  w i t h  s p h e r i c a l l y  h o l l o w  b a l l s  shows s l i g h t l y  
f l o w  and 
f i g u r e  5 
on ( f i g u r e  
ow e r torque 
va lues than t h e  o t h e r  bear ings.  These to rque d i f f e r e n c e s  a r e  n o t  considered 
t o  be s i g n i f i c a n t ,  however. Us ing  o i l  j e t  l u b r i c a t i o n  ( f i g u r e  5 (b), torque 
f o r  the  ho l lowed b a l l  bear ings,  3SRH and 4 S R H  showed about a 3 - f o l d  increase 
i n  to rque w i t h  j e t  l u b r i c a t i o n  over t h a t  w i t h  a i r - o i l  m i s t .  T h i s  increase 
probab ly  r e s u l t e d  f rom o i l  churn ing  w i t h i n  the  bear ings.  
Bear ing  3SRH had operated u c c e s s f u l l y  f o r  a t o t a l  o f  101-hours a t  
speeds t o  22,000 rpm (1.65 x 10 8 DN va lue) .  Accumulated runn ing  t ime a t  
20,000 rpm (1.5 x 106 DN) and above was 65 hours. 
f u l l y  run t o  a maximum speed o f  28,000 rpm (2.1 x l o 6  DN). T o t a l  run t ime 
t o  d a t e  on t h i s  b e a r i n g  is 16 hours, w i t h  5 hours above a DN v a l u e  o f  1.5- 
m i  1 1  ion.  
Bear ing  4SRH was success- 
Bear i nq Pos t -Tes t  i nspect  i on 
! 
V i s u a l  i n s p e c t i o n  of the hol lowed b a l l  bear ings showed the races and 
cages were i n  good c o n d i t i o n ,  w i t h o u t  apparent wear o r  o t h e r  damage. Photo- 
graphs o f  one hol lowed b a l l ,  axle,  and r e t a i n i n g  screw f rom bear ings  3SRH 
and 4SRH a r e  shown i n  f i g u r e s  6 and 7, r e s p e c t i v e l y .  There was no evidence 
o f  abnormal b a l l - r a c e  t r a c k i n g  o r  s k i d d i n g  i n  e i t h e r  b e a r i n g  3SRH o r  4SRH. 
I n  f i g u r e  6, severe wear near the  a x l e  ends can be seen. Some wear 
on these a x l e s  was observed a f t e r  b e a r i n g  3SRH had run  o n l y  7-hours. F igure  
7, however, shows 1 i t t l e  wear on the  a x l e  o f  b e a r i n g  &RH, a f t e r  16 hours 
running. I t  has assumed there fore ,  t h a t  t h e  wear observed i n  f i g u r e  6 was 
i n i t i a l l y  caused by the  sharp'edge on the c o n c e n t r i c  h o l e  through the  b a l l .  
These edges on the  b a l l s  o f  b e a r i n g  4SRH were chamfered which a p p a r e n t l y  
lessened the  wear on the  axles,  as can be seen i n  f i g u r e  7. Both  a x l e s  
were o f  s t a i n l e s s  tub ing .  
SUMMARY OF RESULTS 
Two 7 5 - m i l l i m e t e r  bore bear ings hav ing  b a l l s  w i t h  a 50-percent we igh t  
r e d u c t i o n  were operated a t  500 l b .  (2200N) t h r u s t  load a t  speeds t o  28,000 
rpm ( 2 . 1 - m i l l i o n  DN). Weight r e d u c t i o n  was achieved by d r i l l i n g  a 0.42- inch 
(10.7 mm) d iameter  c o n c e n t r i c  h o l e  through each b a l l .  More than 100-hours 
runn ing  t ime was accumulated on one bear ing.  O f  t h i s  t o t a l ,  65-hours was 
obta ined a t  DN va lues  above 1 . 5 - m i l l i o n .  
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Figure 3. - Section view of t es t  bearing showing 
hollowed b a l l  and mounting d e t a i l .  
( b )  O i l  j e t  lubrication. O i l  flow, 1.0 lb/min (7.6~10-~ kg/sec). 
Figure 4. - Bearing outer race temperature a s  a function of sha f t  speed 
for bearings with so l id ,  spher ica l ly  hollow, and machined hollow ba l l s .  
Thrust load, 500 l b  (2200 N) .  
( b )  O i l  j e t  lubricat ion.  O i l  flow, 1.0 lb/min ( 7 . 6 ~ 1 0 - ~  kg/sec). 
Figure 5. - Bearing torque a s  a funct ion of shaft  speed for bearings 
with solid, spherical ly  hollow, machined hollow ba l l s .  Tnrust load, 
500 l b  (2200 N ) .  
C -69-3942 
Figure 6. - Hollowed b a l l  and axle from bearing SS-R-H a f t e r  101 hours of 
operation. 
(2200 N ) ;  running time above 1.5~106 DN value, 65 hours. 
Maxin;un; speed, 22 COO rpm (L65x106 DN);  t h r u s t  load, 500 lb 
Figure 7. - Hollowed b a l l  
C - 69 -39 41 
and axle  Trom bearing-4s-R-H af ter  16 hours of 
operation. 
(2200 PT) j running time above I. 5x106 DN value, 5 hours. 
Maximum speed, 28 GOO rpm (2.1XlO' ON); t h r u s t  load, 503 170 
